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[1] The need to quantitatively estimate future locations of volcanoes in the long-term is of
increasing importance, partly as a result of the requirement of constructing certain types of
installations in regions of low geologic risk. The complex geological factors and natural
processes controlling the locations of volcanoes make it problematic to estimate future
patterns deterministically. Instead, the probabilistic approach can be developed with quite
high levels of confidence; however, for regions with few or no volcanoes, there is a need to
include additional geological and geophysical data that may indicate the likelihood of
future volcanism. We achieve this using Bayesian inference in the Tohoku volcanic arc,
Japan, in order to combine one or more sets of geophysical information to a priori
assumptions of volcano spatiotemporal distributions yielding modified a posteriori
probabilities. The basic a priori assumption is that new volcanoes will not form far from
existing ones and that such a distribution ranges from Gaussian (not so conservative) to
Cauchy (conservative). Seismic tomographs are used as an indirect clue, and from this
geophysical data a likelihood function is generated in the Bayesian context that updates or
fine tunes the initial Gaussian or Cauchy kernels to better reflect the distribution of future
volcanism. These models are evaluated using pre-100 ka volcanic events to forecast
locations of subsequent events that actually formed from 100 kyr ago to present.
Probabilities in Tohoku region range from 1010/yr between clusters and up to 9.8 
106/yr near the centers of clusters. INDEX TERMS: 8180 Tectonophysics: Tomography; 8499
Volcanology: General or miscellaneous; 9820 General or Miscellaneous: Techniques applicable in three or
more fields; KEYWORDS: Bayesian inference, volcanism, seismic tomography
Citation: Martin, A. J., K. Umeda, C. B. Connor, J. N. Weller, D. Zhao, and M. Takahashi (2004), Modeling long-term volcanic
hazards through Bayesian inference: An example from the Tohoku volcanic arc, Japan, J. Geophys. Res., 109, B10208,
doi:10.1029/2004JB003201.
1. Introduction
[2] Increasingly, long-term geological hazard assessments
based on well established statistical techniques are being
used to make decisions that may affect society for extended
periods of time. For example, nuclear facilities are com-
monly planned using long-term forecasts of geological
stability. Ideally, geological hazard assessments should
provide robust estimates of hazard rates, based on both
the frequency of past geologic events, such as volcanic
eruptions or earthquakes, and geophysical models of how
these events occur. In this paper, we present a methodology
for incorporating models of geophysical processes directly
into probabilistic assessments using Bayesian inference. We
focus on the probability of renewed magmatism in northern
Honshu, Japan, and construct the hazards assessment using
the frequency of past volcanic activity, and geophysical
data, including seismic tomographs of the arc, that are used
to infer possible regions of magma generation. Although
our analysis is specific to volcanic activity, the techniques
developed here are illustrative of a general method for
incorporating geophysical data into long-term hazard
assessments.
[3] On human timescales, volcanism is a low-frequency,
high-consequence geologic event. In recent years, there has
been an increasing demand by society for geoscientists to
carry out long-term volcanic risk assessments in countries
where active volcanoes are distributed and hence an issue.
Such demand has come about by the increase of populations
around active volcanoes [e.g., Newhall and Dzurisin, 1988]
and the need for developing critical engineered facilities in
areas of low geologic risk [International Atomic Energy
Agency, 1997; McBirney and Godoy, 2003; McBirney et al.,
2003; Martin et al., 2003a].
[4] Volcanic risk assessment can essentially be divided
into two components: (1) the probability of a volcanic
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‘‘event’’ occurring such as an eruption at an existing
volcano or a new volcano forming [e.g., Wickman, 1966;
Wadge, 1982; Klein, 1984; Mulargia et al., 1984; Sornette
et al., 1991; Ho, 1991; Dubois and Cheminee, 1991; Pyle,
1998; Connor et al., 2003], and (2) the consequences of the
volcanic event; namely, the potential distribution and likely
effects of pyroclastic falls, flows and surges, lava flows,
debris avalanches and so forth [e.g., Wadge et al., 1994;
Iverson, 1997; Connor et al., 2001; Bonadonna et al.,
2002]. The first category can be further subdivided into
short-term (days to years) and long-term (10 years to
100 kyr) probabilistic forecasting, both requiring different
approaches and solutions. Thus much research is focused on
forecasting the short-term temporal behavior at existing
active volcanoes around the world using probabilistic
approaches. On the other hand, in the last two decades,
long-term volcanic hazard assessment has been the target of
numerous studies, in part due to the United States’ first
proposed high-level radioactive waste repository being
located within a geologically active basaltic volcanic field
[e.g., Crowe et al., 1982; Ho, 1991; Sheridan, 1992;
Connor and Hill, 1995; Woods et al., 1999; Connor et al.,
2000].
[5] One challenge with the long-term probabilistic assess-
ment of future volcanism in relation to the siting of nuclear
facilities is, ironically, that because volcanism is infrequent
and new volcano formation is rare, models of these pro-
cesses are inherently uncertain [Crowe et al., 1982]. This is
particularly an issue for the siting of nuclear facilities
because such sites must be located in areas of very low
geologic risk [International Atomic Energy Agency 1997;
Nuclear Waste Management Organization of Japan, 2002].
Probabilities are therefore low (often 106–108/yr), but
nevertheless need to be quantified as objectively as possible.
One way around this paradox is to use additional data sets,
besides the volcanoes themselves that are expected to give
some clue about the processes that control future long-term
spatiotemporal distribution of volcanism. This has motivated
some investigators to incorporate additional data sets, beyond
the distribution and timing of past volcanic activity, in
volcanic probabilistic analyses. These studies have shown
that incorporating additional geological information, such as
lava geochemistry [Condit and Connor, 1996] and variations
in crustal density obtained from Bouguer anomaly maps
[Connor et al., 2000]; reduce uncertainties in long-term
volcanic hazard assessments.
[6] In this paper we model the long-term spatial patterns
of volcanism incorporating several data sets though the
utilization of Bayesian inference. One application of this
branch of statistics is the combination of two or more
probability distributions [e.g., Gelman et al., 1995, and
references therein]. We focus on the Tohoku volcanic arc
in NE Honshu, Japan, consisting of approximately 170
Quaternary volcanoes [Committee for Catalog of Quaternary
Volcanoes in Japan, 1999], formed as a result of subduction
of the Pacific and Philippine Sea plates (Figures 1 and 2).
This region is probably one of the most extensively studied
volcanic arcs in the world, particularly regarding the rela-
tionship between volcanism and tectonics, and high-quality
geological and geophysical data are readily available [e.g.,
Hasegawa et al., 1978; Nakagawa et al., 1986; Oguchi et
al., 1989; Zhao et al., 1992; Hasegawa et al., 1994; Yoshida
et al., 1995; Takahashi, 1995; Umeda et al., 1999; Zhao
et al., 2000; Tamura et al., 2002]. Our main concern here is
to look at the spatial distribution of volcanism on a regional
scale rather than on local scale as this allows us to examine
the relationship between volcanism and other data sets such
as seismic tomography and geothermal gradients; such
geophysical data sets are readily available on the regional
scale but high resolution is sporadic on the local scale. By
looking at volcanism on a regional scale, we are also able to
incorporate the spatial patterns of both polygenetic and
monogenetic volcanoes; all previous studies on the proba-
bilistic modeling of spatial patterns of volcanism having
dealt with predominately monogenetic volcano fields [e.g.,
Crowe et al., 1982; Connor and Hill, 1995; Connor et al.,
2000]. Another motive for including all types of volcanism
on a region scale relates to the site selection of preliminary
investigation areas for assessing suitability of candidate
sites for a high-level radioactive repository in Japan; cur-
rently there is no proposed site for a long-term, high-level
radioactive waste repository in Japan. There is therefore a
need to know or estimate quantitatively the likelihood of
a new volcano, or cluster of volcanoes forming in regions
between existing clusters were few or no volcanoes cur-
rently exist.
2. Geology and Tectonic Setting of NE Honshu
and the Tohoku Volcanic Arc
[7] The Tohoku volcanic arc, NE Honhsu, is a mature
double volcanic arc with a back arc marginal sea basin
(Japan Sea), located on a convergent plate boundary of the
subducting Pacific plate and the North American plate
(Figure 2). The tectonic history of the Tohoku volcanic
arc is directly associated with the separation of present-day
Figure 1. Map showing the tectonic setting of Japan. The
four main islands that make up Japan are located on or near
the boundaries of four plates.
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Japan from the paleo-Asian continent due to the subduction
of the Pacific plate and opening of the Japan Sea. As
reviewed by Yoshida [2001], volcanism in Tohoku can be
divided into various stages with further higher resolution
subdivisions in the latter stages. In relation to the opening of
the Sea of Japan, three broad phases have been recognized
during the Cenozoic [Oguchi et al., 1989; Yoshida et al.,
1995]. The current island arc phase, which has more
relevance to long-term probabilistic forecasting, has been
further subdivided with differing stress regimes into
(1) submarine volcanism (13–8 Ma), (2) caldera formation
(8–1.7 Ma), and finally (3) the development of a volcanic
arc under compressive stress during the Quaternary (1.7–
0 Ma) [Yoshida et al., 1995]. Most recently, Umeda et al.
[1999] used eruptive volumes of volcanic products along
the volcanic front to identify three substages with distinct
types of volcanism and volumetric changes in the last
2.0 Ma: from 2.0 to 1.2 Ma large-scale felsic eruptions
generating large volumes of pyroclastic material which are
thought to occur in regions of low crustal strain rate
[Takahashi, 1995]; during 1.2 to 0.5 Ma, the crustal stress
regime seems to have changed to compression yielding the
formation of stratovolcanoes all along the Tohoku volcanic
arc; and finally, from 0.5 Ma to the present-day, volcanically
active areas became localized with very weak N-S trends in
each volcanic region [Kondo et al., 1998].
[8] In addition to the type of volcanism, the location and
orientation of the volcanic front is also attributable to the
opening of the Sea of Japan and inclination of the Pacific
plate [e.g., Oki et al., 1993; Yoshida et al., 1995]. From
60 Ma up until about 10 Ma the volcanic front migrated east
and west several times, and rotated counterclockwise,
however, it has been relatively static during the last 8 Ma.
Also, subduction conditions of the Pacific plate have not
changed much during the past 14 Ma [Yoshida et al., 1995].
As we are concerned primarily with forecasting volcanism
on the timescales of 10–100 ka, possible future shifts in the
location of the volcanic front will not be considered further.
[9] The modern day Tohoku arc in NE Honshu consists
of 15 historically active volcanoes and a total of 170
volcanoes (most polygenetic) that formed during the Qua-
ternary [Committee for Catalog of Quaternary Volcanoes in
Japan, 1999]. Two volcanic zones that parallel the volcanic
front and trench, called the Nasu (forearc) and Chokai (back
arc) zones, have been distinguished according to eruptive
volume rather than the spatial distribution of volcanoes.
Hayashi et al. [1996] speculated that volcano clusters near
the volcanic front in the Nasu Zone had corresponding
volcano clusters in the back arc region (Chokai zone).
Moreover, Kondo et al. [1998] showed that regions of
active volcanism had become gradually more clustered
and localized over a period from 14 Ma to present. Hence
volcano clustering is a characteristic trait in this region.
Tamura et al. [2002] showed that most of the volcano
clusters exist on uplifted regions forming a topographic
high known as the Ou backbone range. This range com-
prises Miocene subaqueous volcanic rocks, formed during
the back arc basin stage (phase (2) above), and that these
regions also correlate with locations of low-velocity regions
in the mantle wedge. Tamura et al. [2002] further illustrated
that volcanic clusters along the Japan Sea side in the Chokai
zone correlate to local negative Bouger gravity anomalies.
This allowed Tamura et al. [2002] to propose the existence
of ten ‘‘fingers’’ of hot regions that extend from the deep
(>150 km) mantle under the back arc region toward the
shallower mantle beneath the current volcanic front in the
Nasu zone. This spatial structure was similar to the two-
dimensional thermal mantle structure implied by Kondo et
al. [1998] who characterized the spatial and temporal
distribution of all volcanoes since 14 Ma in the Tohoku
volcanic arc.
3. Volcanic Event
[10] Before embarking on development of a probabilistic
model, an important precursor is the quantitative definition
of the ‘‘volcanic event’’ as this represents the meaning of
the resulting probability distribution; the probability of a
single eruption, a series of eruptions, a new edifice and so
on. The choice of definition is in reality limited by the
Figure 2. The Tohoku volcanic arc, NE Honshu, consists
of approximately 170 Quaternary volcanoes and can be
divided into two broad zones that parallel the subduction of
the Pacific plate (modified from Committee for Catalog of
Quaternary Volcanoes in Japan [1999] and Umeda et al.
[1999]). The Sengan region contains the highest density of
volcanoes in Tohoku. Towada volcano has been the site of
late Quaternary large-volume felsic eruptions resulting in
large caldera formation [e.g., Hayakawa, 1985; Takahashi,
1995]. Other active volcanoes in the Tohoku volcanic arc
predominantly involve the eruption of andesite [Umeda et
al., 1999]. Iwaki and Chokai are active volcanoes on the
back arc side of Tohoku.
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amount and quality of the geological and/or geophysical
data available. In the simplest case a volcanic event defini-
tion may be a single monogenetic volcano which forms in a
relatively short time period. Many of the advances made on
modeling future spatial or spatiotemporal patterns of volca-
nism where carried out in monogenetic volcano fields partly
due to the relative ease of defining such volcanoes [e.g.,
Connor, 1990; Lutz and Gutmann, 1995; Condit and
Connor, 1996]. More care is needed, however, for defining
the volcanic event when dealing with composite or polyge-
netic volcanoes as these volcanoes represent multiple erup-
tions from the same conduit occurring over several tens to
hundreds of thousands of years. (We use the term polyge-
netic volcano here to refer to any volcano that formed due to
repeated eruptions from the same conduit or edifice).
Volcanism in the Tohoku arc is predominantly polygenetic,
with new edifices forming at new locations and evolving
into polygenetic volcano centers. Takahashi [1994a] defined
these types of volcanoes as unstable polygenetic volcanoes
when the eruptive center migrates more than 1.5 km within
10,000 years, resulting in a cluster of small polygenetic
volcanoes.
[11] Making a comprehensive volcanic event definition
requires examination of both the temporal and spatial
aspects; the temporal definition relates to the recurrence
rate, lt (number of volcanic events per unit time), and
spatial definition to the intensity lx,y (number of volcanic
events per unit area). Volcanic event intensity can also be
referred to as the spatial recurrence rate. In some models
such as nearest-neighbor models [Connor and Hill, 1995],
lt and lx,y are combined into one parameter defined as the
spatiotemporal recurrence rate lx,y,t (number of volcanic
events per unit area per unit time). Estimation of these
parameters is very important as they are used to make
probabilistic forecasts.
3.1. Temporal Definition
[12] The temporal definition of a volcanic event ranges
from a single eruption occurring in one day or less, to an
eruption cycle or episode in which active periods of
eruptions occur between dormant periods. The timescale
of an active period may vary from several years to
thousands of years. In the case of monogenetic volcanoes,
the volcanic event is expected to be relatively short (months
to years) and leads to the formation of a cinder cone, dome,
or similar feature. If there is more than one volcanic
eruption at the same vent, a ‘‘monogenetic’’ volcano
becomes polygenetic. Researchers working on volcanic
hazard analyses at polygenetic volcanoes have typically
defined volcanic events as single eruptions or several
eruptions within some time period separated by periods of
quiescence [e.g., Wickman, 1966; Klein, 1984; Ho, 1990;
Connor et al., 2003]. This is because the focus at polyge-
netic volcanoes is not on the probability of a new polyge-
netic forming in the vicinity of the volcano but rather on the
probability of the next eruption or eruption phase at the
existing volcano. Perry et al. [2001] carried out a hazard
assessment of dike/repository intersection by using the well-
exposed Miocene Summer Coon volcano in Colorado, USA
as an analogue to composite volcanoes in Japan. This work
did not deal with the probability of a new volcano forming
in the long term, focusing instead on the ‘‘safety’’ distance
from the center of a hypothetical newly erupted or existing
composite volcano. There is a need therefore to develop
probability models that estimate future spatial patterns of
volcanism not just for volcanic hazard disaster prevention,
but also in relation to the site selection of future nuclear
facilities [Nuclear Waste Management Organization of
Japan, 2002].
3.2. Spatial Definition
[13] In the simplest case, a volcanic event could be
defined as the existence of a relatively young cinder cone,
spatter mound, maar, tuff ring or tuff cone. Such mapped
edifices have been defined as volcanic events in several
distribution analyses [e.g., Condit et al., 1989; Lutz and
Gutmann, 1995; Connor and Hill, 1995]. These analyses
were all carried out in monogenetic volcano groups. Older
edifices, however, which may have been eroded and/or
covered by sedimentary deposits such as alluvium are more
difficult to locate, or could easily be overlooked. Radial
dikes, near-vent breccias, or where there are no surface
feature, magnetic and gravity data have been used as
evidence for the existence of volcanic events [e.g., Connor
et al., 2000]. Several aligned edifices with the same erup-
tion age may also be considered as a single volcanic event.
Such vent alignments typically developed simultaneously as
a result of magma supply from a single dike. For example
the vent alignments in the Higashi-Izu monogenetic volca-
nic group [e.g., Koyama et al., 1995], could well be
classified as a single volcanic event temporally but spatially
are multiple. Where there is poor limitation in dating events
(plus or minus 50,000–100,000 years), some authors have
implemented a condition whereby a cone or cones can only
be defined as a volcanic event if they are associated with a
single linear dike or a dike system with more complex
geometry [e.g., Sheridan, 1992]. This definition, however,
is problematic because such information about the conduit
system is not often obtainable.
3.3. Volcanic Event Definition for the Tohoku
Volcanic Arc
[14] For a mixed field such as NE Honshu, some general-
izations need to be made regarding the definition of the
volcanic event. In effect, we are only concerned with the
formation of a new volcano, regardless of whether the new
volcano is monogenetic or eventually evolves into a poly-
genetic volcano. So the distinction between monogenetic
and polygenetic volcanism is not particularly useful for our
definition of volcanic event. Table 1 is a compilation of all
Quaternary volcanoes in the Tohoku volcanic arc modified
from the Catalog of Quaternary Volcanoes in Japan
[Committee for Catalog of Quaternary Volcanoes in Japan,
1999]. Volcano complexes refer to magma systems that
have evolved over the long-term (order of 100 ka) which
appear as regional-scale clusters. The volcanoes in Tohoku
volcanic arc are characterized by multiple peaks with
several vents. These have been subdivided into two types
by Takahashi [1994a] according to migration distance from
eruptive center: (1) an unstable type with multiple peaks
(Figure 3a); and (2) a stable type commonly with a narrow
saw-tooth or single peak (Figure 3b). Stable types are
common in the Nasu zone whereas the unstable type
predominate the Chokai zone (back arc). In this analysis
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Table 1. List of Volcanoes in the Tohoku Volcanic Arca
Volcano Complex Volcanic Event
Location Age, Ma
Dating Method
Eruptive Volume.
km3 DRE
Latitude,
N
Longitude,
E Oldest Approximate Youngest
Mutsuhiuchi-dake Older Mutsuhiuchi-dake 41.437 141.057 0.73 K-Ar 5.9
Mutsuhiuchi-dake Younger Mutsuhiuchi-dake 41.437 141.057 0.45 - 0.20 stratigraphy 3.6
Osorezan Kamabuse-yama 41.277 141.123 0.8 K-Ar 11.4
Hakkoda Hakkoda P.F.1st. 40.667 140.897 0.65 K-Ar 17.8
Hakkoda South-Hakkoda 40.600 140.850 0.65 - 0.40 K-Ar 52.4
Hakkoda Hakkoda P.F.2nd. 40.667 140.897 0.4 K-Ar 17.3
Hakkoda North-Hakkoda 40.650 140.883 0.16 - 0.00 K-Ar 30.4
Okiura Aoni F. Aonigawa P.F. 40.573 140.763 1.7 K-Ar 17.6
Okiura Aoni F. Other P.F. 40.573 140.763 1.70 - 0.90 K-Ar 3.7
Okiura Okogawasawa lava 40.579 140.759 0.90 - 0.65 stratigraphy 0.9
Okiura Okiura dacite 40.557 140.755 0.90 - 0.70 K-Ar 2.1
Ikarigaseki Nijikai Tuff 40.500 140.625 2.0 K-Ar 20.2
Ikarigaseki Ajarayama 40.490 140.600 1.91 - 1.89 K-Ar 2.1
Towada Herai-dake 40.450 141.000 5.1
Towada Ohanabe-yama 40.500 140.883 0.40 - 0.05 K-Ar 8.9
Towada Hakka 40.417 140.867 1.4
Towada Towada Okuse 40.468 140.888 0.055 14C 4.8
Towada Towada Ofudo 40.468 140.888 0.025 14C 22.1
Towada Towada Hachinohe 40.468 140.888 0.013 14C 26.9
Towada Post-caldera cones 40.457 140.913 0.01 - 0.00 stratigraphy 14.4
Nanashigure Nanashigure 40.068 141.112 1.06 - 0.72 K-Ar 55.5
Moriyoshi Moriyoshi 39.973 140.547 1.07 - 0.78 K-Ar 18.1
Bunamori Bunamori 39.967 140.717 1.2 K-Ar 0.1
Akita-Yakeyama Akita-Yakeyama 39.963 140.763 0.50 - 0.00 K-Ar 9.9
Nishimori/Maemori NIshimori/Maemori 39.973 140.962 0.50 - 0.30 K-Ar 2.6
Hachimantai/Chausu Hachimantai 39.953 140.857 1.00 - 0.70 K-Ar 5.5
Hachimantai/Chausu Chausu-dake 39.948 140.902 0.85 - 0.75 K-Ar 13.7
Hachimantai/Chausu Fukenoyu 39.953 140.857 0.7 stratigraphy 0.2
Hachimantai/Chausu Gentamri 39.956 140.878 0.2
Yasemori/Magarisaki-yama Magarisaki-yama 39.878 140.803 1.90 - 1.52 K-Ar 0.3
Yasemori/Magarisaki-yama Yasemori 39.883 140.828 1.8 K-Ar 0.9
Kensomori/Morobidake Kensomori 39.897 140.871 0.8 stratigraphy 0.8
Kensomori/Morobidake Morobi-dake 39.919 140.862 1.00 - 0.80 stratigraphy 2.5
Kensomori/Morobidake 1470m Mt. lava 39.909 140.872 0.1
Kensomori/Morobidake Mokko-dake 39.953 140.857 1.0 stratigraphy 0.5
Tamagawa Welded Tuff Tamagawa Welded Tuffs R4 39.963 140.763 2.0 K-Ar 83.2
Tamagawa Welded Tuff Tamagawa Welded Tuffs D 39.963 140.763 1.0 K-Ar 32.0
Nakakura/Shimokura Obuka-dake 39.878 140.883 0.80 - 0.70 K-Ar 2.9
Nakakura/Shimokura Shimokura-yama 39.889 140.933 0.4
Nakakura/Shimokura Nakakura-yama 39.888 140.910 0.4
Matsukawa Matsukawa andesite 39.850 140.900 2.60 - 1.29 K-Ar 11.6
Iwate/Amihari Iwate 39.847 141.004 0.20 - 0.00 K-Ar 25.1
Iwate/Amihari Amihari 39.842 140.958 0.30 - 0.10 K-Ar 10.6
Iwate/Amihari Omatsukura-yama 39.841 140.919 0.70 - 0.60 K-Ar 3.3
Iwate/Amihari Kurikigahara 39.849 140.882 0.2
Iwate/Amihari Mitsuishi-yama 39.848 140.900 0.46 K-Ar 0.6
Shizukuishi/Takakura Marumori 39.775 140.877 0.40 - 0.30 K-Ar 2.4
Shizukuishi/Takakura Shizukuishi-Takakura-yama 39.783 140.893 0.50 - 0.40 stratigraphy 5.2
Shizukuishi/Takakura Older Kotakakura-yama 39.800 140.900 1.4 K-Ar 2.7
Shizukuishi/Takakura North Mikado-yama 39.800 140.875 0.3
Shizukuishi/Takakura Kotakakura-yama 39.797 140.907 0.60 - 0.50 K-Ar 1.8
Shizukuishi/Takakura Mikado-yama 39.788 140.870 0.3 0.2
Shizukuishi/Takakura Tairagakura-yama 39.808 140.878 0.3 0.1
Nyuto/Zarumori Tashirotai 39.812 140.827 0.30 - 0.20 K-Ar 0.6
Nyuto/Zarumori Sasamori-yama 39.770 140.820 0.23 - 0.10 K-Ar 0.4
Nyuto/Zarumori Yunomori-yama 39.772 140.827 0.3 0.5
Nyuto/Zarumori Zarumori-yama 39.788 140.850 0.56 K-Ar 0.9
Nyuto/Zarumori Nyutozan 39.802 140.843 0.58 - 0.50 K-Ar 5.0
Nyuto/Zarumori Nyuto-kita 39.817 140.855 0.4 K-Ar 0.1
Akita-Komagatake Akita-Komagatake 39.754 140.802 0.10 - 0.00 K-Ar 2.9
Kayo Kayo 39.803 140.735 2.20 - 1.17 K-Ar 5.9
Kayo KoJiromori 39.828 140.787 0.94 K-Ar 0.3
Kayo Akita-Ojiromori 39.839 140.788 1.70 1.7 1.70 stratigraphy 0.3
Innai/Takahachi Takahachi-yama 39.755 140.655 1.70 1.7 1.70 K-Ar 0.0
Innai/Takahachi Innai 39.692 140.638 2.00 - 1.60 K-Ar 0.5
Kuzumaru Aonokimori andesites 39.543 140.983 2.06 K-Ar 0.3
Yakeishi Yakeishidake 39.161 140.832 0.70 - 0.60 K-Ar 9.5
Yakeishi Komagatake 39.193 140.924 1.0 K-Ar 7.6
Yakeishi Kyozukayama 39.178 140.892 0.60 - 0.40 K-Ar 5.7
Yakeishi Usagimoriyama 39.239 140.924 0.07 - 0.04 K-Ar 2.3
Kobinai Kobinai 39.018 140.523 1.00 - 0.57 FT, K-Ar 2.3
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Table 1. (continued)
Volcano Complex Volcanic Event
Location Age, Ma
Dating Method
Eruptive Volume.
km3 DRE
Latitude,
N
Longitude,
E Oldest Approximate Youngest
Takamatsu/Kabutoyama Kabutoyama Welded Tuff 39.025 140.618 1.16 TL 3.2
Takamatsu/Kabutoyama Kiji-yama Welded Tuffs 39.025 140.618 0.30 K-Ar 5.1
Takamatsu Takamatsu 38.965 140.610 0.30 - 0.27 K-Ar 3.8
Takamatsu Futsutsuki-dake 38.961 140.661 0.3 0.8
Kurikoma Tsurugi-dake 38.963 140.792 0.10 - 0.00 K-Ar 0.2
Kurikoma Magusa-dake 38.968 140.751 0.32 - 0.10 K-Ar 1.5
Kurikoma Kurikoma 38.963 140.792 0.40 - 0.10 K-Ar 0.9
Kurikoma South volcanoes 38.852 140.875 0.5 K-Ar 0.3
Kurikoma Older Higashi Kurikoma 38.934 140.779 0.5 K-Ar 2.2
Kurikoma Younger Higashi Kurikoma 38.934 140.779 0.40 - 0.10 K-Ar 0.7
Mukaimachi Mukaimachi 38.770 140.520 0.8 K-Ar 12.0
Onikobe Shimoyamasato tuff 38.830 140.695 0.21 0.21 0.21 FT 1.0
Onikobe Onikobe Centeral cones 38.805 140.727 0.2 TL 1.1
Onikobe Ikezuki tuff 38.830 140.695 0.30 - 0.20 FT 17.3
Naruko Naruko Central cones 38.730 140.727 0.045 14C 0.1
Naruko Yanagizawa tuff 38.730 140.727 0.045 FT 4.8
Naruko Nizaka tuff 38.730 140.727 0.073 FT 4.8
Funagata Izumigatake 38.408 140.712 1.45 - 1.14 K-Ar 2.3
Funagata Funagatayama 38.453 140.623 0.85 - 0.56 K-Ar 19.0
Yakuraisan Yakuraisan 38.563 140.717 1.65 - 1.04 K-Ar 0.2
Nanatsumori Nanatsumori lava 38.430 140.835 2.30 - 2.00 K-Ar 0.5
Nanatsumori Miyatoko Tuffs 38.428 140.793 2.5 stratigraphy 6.1
Nanatsumori Akakuzure-yama lava 38.433 140.768 1.60 - 1.50 stratigraphy 1.5
Nanatsumori Kamikadajin lava 38.447 140.772 1.60 - 1.50 K-Ar 0.8
Shirataka Shirataka 38.220 140.177 1.00 - 0.80 K-Ar 3.8
Adachi Adachi 38.218 140.662 0.08 FT 0.9
Gantosan Gantosan 38.195 140.480 0.40 - 0.30 K-Ar 4.6
Kamuro-dake Kamuro-dake 38.253 140.488 1.67 K-Ar 5.7
Daito-dake Daito-dake 38.316 140.527 5.7
Ryuzan Ryuzan 38.181 140.397 1.10 - 0.90 K-Ar 4.6
Zao Central Zao 1st. 38.133 140.453 1.46 - 0.79 K-Ar 0.8
Zao Central Zao 2nd. 38.133 140.453 0.32 - 0.12 K-Ar 15.2
Zao Central Zao 3rd. 38.133 140.453 0.03 - 0.00 K-Ar 0.0
Zao Sugigamine 38.103 140.462 1 K-Ar 9.9
Zao Fubosan/byobudake 38.093 140.478 0.31 - 0.17 K-Ar 15.2
Aoso-yama Gairinzan 38.082 140.610 0.70 - 0.40 K-Ar 6.1
Aoso-yama Central Cone 38.082 140.610 0.40 - 0.38 K-Ar 3.0
Azuma Azuma Kitei lava 37.733 140.247 1.30 - 1.00 K-Ar 24.7
Azuma Higashi Azumasan 37.710 140.233 0.70 - 0.00 K-Ar 22.8
Azuma Nishi Azumasan 37.730 140.150 0.60 - 0.40 K-Ar 7.2
Azuma Naka Azumasan 37.713 140.188 0.40 - 0.30 K-Ar 4.6
Nishikarasugawa Nishikarasugawa 37.650 140.283 1.5 K-Ar 1.9
Adatara Adatara Stage 1 37.625 140.280 0.55 - 0.44 K-Ar 0.3
Adatara Adatara Stage 2 37.625 140.280 0.35 K-Ar 0.4
Adatara Adatara Stage 3a 37.625 140.280 0.20 K-Ar 2.0
Adatara Adatara Stage 3b 37.625 140.280 0.12 - 0.00 K-Ar 0.3
Sasamori-yama Sasamari-yama 37.655 140.391 2.50 - 2.00 K-Ar 0.4
Bandai Pre-Bandai 37.598 140.075 0.7 K-Ar 0.1
Bandai Bandai 37.598 140.075 0.30 - 0.00 stratigraphy 14.0
Nekoma Old Nekoma 37.608 140.030 1.00 - 0.70 K-Ar 11.4
Nekoma New Nekoma 37.608 140.030 0.50 - 0.40 K-Ar 0.9
Kasshi/Oshiromori Kasshi 37.184 139.973 0.1
Kasshi/Oshiromori Oshiromori 37.199 139.970 0.7
Kasshi/Oshiromori Matami-yama 37.292 139.886 0.3
Kasshi/Oshiromori Naka-yama 37.282 139.899 0.0
Shirakawa Kumado P.F. 37.242 140.032 1.31 K-Ar 19.2
Shirakawa Tokaichi A.F. tuffs 37.242 140.032 1.31 - 1.24 stratigraphy 12.0
Shirakawa Ashino P.F. 37.242 140.032 1.2 FT 19.2
Shirakawa Nn3 P.F. 37.242 140.032 1.20 - 1.17 stratigraphy 0.0
Shirakawa Kinshoji A.F. tuffs 37.242 140.032 1.20 - 1.18 stratigraphy 9.0
Shirakawa Nishigo P.F. 37.252 139.869 1.11 FT 28.8
Shirakawa Tenei P.F. 37.242 140.032 1.06 stratigraphy 7.7
Nasu Futamata-yama 37.244 139.971 0.14 K-Ar 3.2
Nasu Kasshiasahi-dake 37.177 139.963 0.60 - 0.40 K-Ar 12.3
Nasu Sanbonyari-dake 37.147 139.965 0.40 - 0.25 K-Ar 5.5
Nasu Minamigassan 37.123 139.967 0.20 - 0.05 K-Ar 8.7
Nasu Asahi-dake 37.134 139.971 0.20 - 0.05 K-Ar 4.6
Nasu Chausu-dake 37.122 139.966 0.04 - 0.00 K-Ar 0.3
Chokai Shinsan Lava flow 39.097 140.053 0.02 - 0.00 stratigraphy
Chokai Higashi Chokai 39.097 140.053 0.02 - 0.02 K-Ar 4.3
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Table 1. (continued)
Volcano Complex Volcanic Event
Location Age, Ma
Dating Method
Eruptive Volume.
km3 DRE
Latitude,
N
Longitude,
E Oldest Approximate Youngest
Chokai Nishi Chokai 39.097 140.020 0.09 - 0.02 Stra. 0.8
Chokai Nishi ChokaiII 39.097 140.020 0.13 - 0.01 K-Ar 21.0
Chokai Old Chokai 39.103 140.030 0.16 - 0.55 K-Ar 67.0
Chokai Uguisugawa Basalt 39.103 140.030 0.55 - 0.60 K-Ar 1.0
Chokai Tengumari volcanics 39.103 140.031 0.55 - 0.60 K-Ar 11.0
Gassan Ubagatake 38.533 140.005 0.40 - 0.30 K-Ar 3.5
Gassan Yudonosan lavas/pyroclastics 38.534 139.988 0.80 - 0.70 K-Ar 7.5
Gassan Gassan 38.550 140.020 0.50 - 0.40 K-Ar 18.0
Numazawa Sozan lava domes 37.452 139.577
Numazawa Mizunuma pyroclastics 37.452 139.577 0.05 FT 2.0
Numazawa Numazawa pyroclastics 37.452 139.577 0.01 - 0.01 14C 2.5
Numazawa Mukuresawa lava 37.452 139.577 -
Ryuzan Ryuzan 38.181 140.397 1.13 - 0.94 K-Ar 6.0
Sankichi-Hayama Sankichi-Hayama 38.137 140.315 2.40 - 2.30 K-Ar 2.9
Daitodake Daitodake 38.316 140.527 1 stratigraphy 7.5
Hijiori Hijiori Pyroclastic flow 38.610 140.159 0.01 stratigraphy 1.0
Hijiori Komatsubuchi lava dome 38.613 140.171 0.01 stratigraphy 0.0
Tazawa Tazawa (lake) 39.723 140.667
Daibutsu Daibutsu 39.817 140.517 2.34 - 2.16 K-Ar 3.2
Kampu Kampu 39.928 139.877 0.03 - 0.00 stratigraphy 0.6
Toga Toga 39.950 139.718 0.42 FT/K-Ar 2.0
Megata Megata 39.952 139.742 0.03 - 0.02 stratigraphy 0.1
Inaniwa Inaniwa 40.195 141.050 7.00 - 2.70 K-Ar 14.0
Taira-Komagatake Taira-Komagatake 40.410 140.254 0.20 - 0.17 stratigraphy 3.0
Tashiro Tashiro 40.425 140.413 0.60 - 0.47 K-Ar 9.0
Tashiro Hirataki 40.420 140.413 0.02 - 0.02 stratigraphy 0.7
Iwaki Iwaki 40.653 140.307 0.33 - 0.00 K-Ar 49.0
aSee Committee for Catalog of Quaternary Volcanoes in Japan [1999] and Umeda et al. [1999]. Dense rock equivalent (DRE) of eruptive volumes is the
product of volume and density of the respective volcanic deposits [Walker, 1980].
Figure 3. Two volcano types in Tohoku classified according to migration distance from eruption center
[Takahashi, 1994a]: (a) an unstable type with vent (white dots) migration exceeding 1.5 km in
10,000 years resulting in a summit with multiple peaks and (b) a stable type commonly with a narrow
saw-tooth or pointed appearance. Both types are treated as a single volcanic event (white star), optionally
weighted with the corresponding eruption products (dark gray regions).
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each type is treated as a single volcanic event; the center of
which (white star in Figure 3) is the average geographic
location of the vents (white dots in Figure 3). The
corresponding eruption products of the volcanic event are
represented by the dark gray regions in Figure 3. The
lighter gray areas in Figure 3a are the eruption products
of a separate volcanic event; typically with a time gap of
more than 10,000 years, and/or differentiated according to
geochemistry.
[15] In fact, we define two sets of volcanic events: (1) the
volcanic centers only and (2) volcanic centers weighted by
their total eruptive volume. By having two volcanic event
definitions, we can test the robustness of our volcanic event
definition and produce two types of probability distribu-
tions: a realistic distribution with higher probabilities
weighted near volcanoes with large eruption volumes, and
secondly a far-field conservative distribution with higher
probabilities in the vicinity of low volume rare volcanic
events. The unweighted volcanic event definition also puts
emphasis on the probability of a new volcanic event
forming irrespective of what that volcanic event is (mono-
genetic or polygenetic).
3.4. Impact of Regional Stress Distribution on
Volcanic Event Definition
[16] Crustal extension or compression can have a signif-
icant effect on the spatial distribution of volcanoes, espe-
cially monogenetic volcanoes [Nakamura, 1977; Connor,
1990; Alaniz-Alvarez et al., 1998] which may be relevant to
the volcanic event definition. The current regional stress
distribution in the vicinity along the Tohoku volcanic front
is characterized by strong E-W compression and weak local
N-S extension along the Ou Backbone range [Umeda et al.,
1999]. However, the volcanoes in Tohoku have not been
significantly affected by compression or extension other
than a slight elongation of the volcanic cones parallel to the
direction of maximum principle horizontal compression
[e.g., Takahashi, 1994b]. Hence vent alignments such as
those discussed by Connor et al. [2000] do not concern us
here and are neglected. Of course, this aspect is further
aided by the fact that we are looking at regional-scale
probability as opposed to local-scale probability.
4. Probability Model: Development of the
Bayesian Approach
[17] Having defined the volcanic event we now develop a
model for estimating the long-term future spatial and
temporal patterns of volcanism in the Tohoku volcanic
arc. The overall target is to construct a two-dimensional
surface distribution showing the continuous probability of
one or more predefined volcanic event(s) forming within a
region of interest, in an arbitrarily time frame of the order of
100 ka. Particular emphasis is on estimating with known
uncertainty (of volcano location), the probability of a new
volcano forming in a new location where currently
volcanoes do not exist (e.g., between volcano clusters of
NE Honshu).
[18] Current understanding of the complex geological
factors and natural processes that control the locations of
volcanoes makes it difficult to predict future long-term
spatiotemporal patterns of volcanism deterministically.
However, by treating all geological factors controlling the
spatial locations of volcanism as random, it is possible to
estimate future long-term patterns using the statistical or
probabilistic approach. The key is to use statistical inference
by sampling observations of this random phenomenon in
order to make inference about the probability describing it.
[19] A challenge with estimating the long-term future
distribution of volcanism is the fact that we are trying to
model something that we cannot sample directly; the
locations of future volcanoes. One solution is to incorporate
geophysical data such as seismic tomography, Bouguer
anomalies [e.g., Connor et al., 2000], geothermal gradients
and so on, which represents current snap shots of the crust
or upper mantle and hence may be pointers to possible
future patterns of volcanism (e.g., current locations of
magma generation in the mantle). Such geophysical or
indeed any piece of information, no matter how obtained,
can be described by a probability density function (PDF)
[e.g., Tarantola, 1990; Debski, 2004]. It is thereby possible
to combine this PDF to our a priori assumptions on
volcanism, and one powerful tool that allows us to do this
is Bayesian inference. Bayes’ theorem is hence used to
construct the a posteriori PDF given a priori assumptions
and the likelihood PDF.
[20] In applying Bayesian inference here, two stages are
performed yielding an a posteriori PDF. The first or funda-
mental core stage is to make a long-term future prediction
based solely on the distribution and ages of past volcanic
events [Connor and Hill, 1995], creating an a priori PDF.
Our a priori assumption is that the past and the present are a
key to the future; in other words we use the locations of past
and present volcanism as an initial guide to estimating
future long-term spatial patterns of volcanism. The basic
logic behind our a priori assumption is that a new volcano
does not form far from existing volcanoes, or to put it more
crudely, the apple does not fall far from the tree. The a priori
assumption or expert judgment is never perfect and is
usually quite vague. The second stage is to update or
modify our a priori assumptions by incorporating informa-
tion that is likely to be indicative of the locations of future
volcanism. This new information, obtained from geophys-
ical data, is used to modify the a priori PDF to form an a
posteriori PDF that better reflects the location of future
volcanism. The cycle can be repeated any number of times
for other data sets by treating the a posteriori PDF as the
new a priori PDF in the first step above.
4.1. Bayesian Inference and Bayes’ Theorem
[21] We use Bayes’ theorem to setup a model providing a
joint probability distribution for the location of past and
present volcanic events (a priori PDF) and current ‘‘snap
shot’’ geophysical data recast as a PDF (likelihood func-
tion). The joint probability density function or a posteriori
PDF can be written as the product of two PDFs; the a priori
PDF and the sampling or likelihood PDF
P x; yjqð Þ ¼ P x; yð ÞL qjx; yð ÞZ
A
P x; yð ÞL qjx; yð ÞdA
ð1Þ
where x and y represent grid point locations within the
volcanic field A, q is additional geophysical data, P(x, y) is
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the a priori PDF, L(qjx, y) the likelihood function generated
by conditioning geophysical data on the locations of
volcanic events, and P(x, yjq) the resulting a posteriori
PDF. (The symbol j is the standard representation of
conditional probability.) The a posteriori PDF is normalized
to unity by integrating over the entire volcanic field; hence
total cumulative probability will not change but the shape of
the 2-D surface distribution will be modified according to
the likelihood function.
4.2. A Priori PDF P(x, y): Point Process Models
[22] In the first stage of the analysis the a priori
assumption is that past and present volcanic events can
be used to estimate future spatial distribution of volca-
noes over the long-term, as well as constraining recur-
rence rates in the volcanic field. These are the
fundamental assumptions used for generating the a priori
PDF.
[23] de Bremond d’Ars et al. [1995] implied that the
spatial distribution of volcanoes in all volcanic arcs
around the world, including the Tohoku volcanic arc,
are random; by showing that the spatial distribution of
volcanoes fits a Gamma distribution of random points.
Hence, by treating volcanism in Tohoku volcanic arc as a
low-frequency, random event, the underlying process can
be approximated to a Poisson process. Moreover, treating
the location of volcanic events as random points within
some set, the spatial distribution of volcanism can be
modeled as a spatial point process [Connor and Hill,
1995] where a spatial point process is a stochastic model
that can be described as the process controlling the spatial
locations of events s1,. . ., sn in some arbitrary set S [e.g.,
Cressie, 1991]. Connor and Hill [1995] defined events
s1,. . ., sn as the volcanic events (monogenetic volcanoes)
and S as the volcanic field.
[24] If the spatial distribution of volcanoes is completely
random, the Poisson process is said to be homogeneous.
However, as is typical of many volcanic fields, spatial
patterns of volcanism in the Tohoku volcanic arc also
exhibit the tendency to cluster [Hayashi et al., 1996;
Kondo et al., 1998]; hence the distribution of volcanoes
are not completely random and therefore not homoge-
neous. This can be further illustrated statistically using
the Clark-Evans nearest-neighbor test [Clark and Evans,
1954], which compares observed average nearest-neighbor
distances to expected nearest neighbor distances for a
completely random distribution of points. For the Tohoku
volcanic arc the Clark-Evans z statistic showed that the
distribution of volcanic events is either clustered or uni-
form. Further, the Clark-Evans dispersion index (<1)
shows that the distribution is clustered, with greater than
95% confidence.
[25] In this case, a nonhomogeneous Poisson process is
the simplest alternative for modeling clustered or ordered
random data. It is for this reason that point process models
based on nonhomogeneous Poisson processes have been
popular in modeling the spatial and spatiotemporal char-
acteristics of several volcano fields including the Yucca
Mountain Region, Nevada, the San Francisco and the
Springerville volcanic fields in Arizona, and the Higashi-
Izu monogenetic volcano group, Shizuoka Prefecture,
Japan [Ho, 1991; Connor and Hill, 1995; Condit and
Connor, 1996; Conway et al., 1998; Martin et al., 2003a].
These models can broadly be divided into spatiotemporal
nearest-neighbor models that can be used to estimate local
spatiotemporal recurrence rate lx,y,t, as a function of
distance to and ages of volcanic events [Connor and Hill,
1995], and a kernel technique [Diggle, 1985; Lutz and
Gutmann, 1995] used to estimate the local intensity of
volcanic events lx,y [Connor and Hill, 1995]. Although
giving larger weighting to the newest volcanic events, a
drawback with nearest-neighbor models is that they require
the ages of every single volcanic event within the volcanic
field in question. Such comprehensive dating in volcanic
fields is usually not available and is generally sporadic. As
a result the kernel technique has proved to be more
practical as only the geographical locations of volcanic
events are used in the computation of lx,y. In volcanology,
this method was first applied for modeling vent density by
Lutz and Gutmann [1995] although their target was to
estimate vent alignments rather than the probability of a
future eruption. Connor and Hill [1995] extended this
calculation to produce a surface probability estimate of
the Yucca Mountain Region combining the regional recur-
rence rate lt in the probability estimate in a Poisson
distribution.
[26] In this paper, the local intensity lx,y is computed
using the kernel technique. A kernel function is a density
function used to obtain the intensity of volcanic events at
a sampling point xp, yp, calculated as a function of the
distance to nearby volcanoes and a smoothing constant
h (Figure 4). The choice of kernel function with appro-
priate values of h has some consequence for the param-
eter estimation because it controls how lx,y varies with
distance from existing volcanoes. In estimating local
volcanic event densities in volcanic fields, the most
common kernel function used in probabilistic volcanic
hazard assessments has been the Gaussian kernel, [e.g.,
Conway et al., 1998; Connor et al., 2000]. The Gaussian
kernel is also based on the intuition that the next volcano
to form will not be far from an existing volcano. In order
to include volcanic events further a field we also model
spatial patterns using the Cauchy kernel [e.g., Gelman et
al., 1995; Debski, 2004] which has thicker tails than the
Gaussian kernel as depicted in the one dimensional plots
in Figure 5.
Figure 4. Local volcano intensity lx,y at each grid point
(x, y) computed using a Gaussian (equation (1)) or Cauchy
(equation (2)) kernel function. Here lx,y is a function of
volcano distance from grid point (x, y) for N = 6 volcanoes.
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[27] For a two-dimensional Gaussian kernel, the spatial
recurrence rate lx,y at grid point xp, yp is:
lx;y ¼ 1
2ph2N
XN
i¼1
lvi exp  1
2
xp  xvi
h
 2
þ yp  yvi
h
 2
ð2Þ
where xvi, yvi are Cartesian coordinates of the ith volcanic
event, N the number of volcanic events used in the
calculation (not necessary all volcanoes in the volcanic
arc) and lvi is a factor for weighting eruption volume of the
corresponding ith volcanic event. If eruption volume is not
included in the volcanic event definition then lvi is set to
unity. The calculation is repeated at all grid points at 10 km
spacing throughout NE Honshu (139 to 143 longitude and
37 to 41.6 latitude) and the resulting PDF is normalized to
unity by dividing the integral across the entire volcanic
field. A 10 km grid spacing is selected because it is the
highest common denominator allowing uniform resolution
of geophysical data across the entire Tohoku volcanic arc;
used in the next stage of the Bayesian inference below.
[28] For the two-dimensional Cauchy kernel, the calcula-
tion of lx,y at grid point xp, yp is
lx;y ¼ 1ph2N
XN
i¼1
lvi
1þ xp  xvi
h
 2
þ yp  yvi
h
 2 
8><
>:
9>=
>;
ð3Þ
which as with the Gaussian kernel, is computed at all grid
points across NE Honshu.
4.2.1. Choosing an Optimum Smoothing Coefficient h
for the Tohoku Volcanic Arc
[29] The choice of kernel function is in fact not as
important as the choice of smoothing coefficient h [Diggle,
1985; Cressie, 1991] as this has a much larger impact on
spatial modeling of point process events. The choice of the
smoothing coefficient depends on a combination of several
factors including size of the volcanic field, size and degree
of clustering and the amount of robustness and conservatism
required at specific points within or nearby the volcanic
fields in question. An optimum value of smoothing coeffi-
cient varies proportionally with the volcanic field size and
vent density. In order to estimate the most likely optimum
value of smoothing coefficient, plots of cumulative proba-
bility density functions with varying values of smoothing
coefficient [cf. Connor et al., 2000] were compared with the
fraction of volcanic vents and nearest-neighbor vent dis-
tances in the Tohoku volcanic arc (Figure 6).
[30] For a Gaussian kernel, plots for h = 2 to 6 km give
the upper and lower bounds to curves generated by plotting
cumulative nearest-neighbor distances of volcanic events in
the Tohoku volcanic arc. In the case of the Cauchy kernel,
the upper and lower bounds of smoothing coefficient are
1 and 1.5 km respectively. Using the estimated values of
smoothing coefficient for Tohoku, spatial recurrence rates
were calculated over the entire volcanic field using a grid
spacing of 10 km for both kernel functions.
[31] It is also worth noting that the distribution of
volcanic event (polygenetic volcano) spacing in Tohoku
appears to be Cauchy, whereas smaller monogenetic fields
such as Higashi-Izu and the YMR are typically Gaussian,
with optimum values of smoothing coefficient.
4.2.2. Probability Calculations Based on the a
Priori PDF
[32] Probability estimates for each grid point xp, yp are
computed by using a Poisson distribution where lx,y repre-
sents the intensity parameter computed using equations (2)
or (3):
Px;y N tð Þ 	 1f g ¼ 1 exp tltlx;yDxDy
  ð4Þ
where N(t) represents the number of future volcanic vents
that occur within time t and area DxDy (10 km  10 km).
The parameter lx,y has been normalized to unity across the
entire Tohoku volcanic arc, so, equation (4) represents the
probability of one or more volcanic event(s) forming in an
area DxDy centered on point xp, yp given the formation of a
new volcanic event in the Tohoku volcanic arc. This
calculation is repeated on grid points throughout the
volcanic field. The resolution is such that the spatial
recurrence rate lx,y does not vary within each cell; the
resolution of which for this regional probability study is
10 km. The regional recurrence rate lt was estimated at 120
volcanic events per million years, reflecting average
Quaternary activity. This is a conservative value since rates
from 0.5Ma to present are lower than previous stages.
Moreover, temporal rates have been steady state over the
last 0.5 Ma and are expected to continue for the next 0.1Ma
[Umeda et al., 1999].
[33] Using smoothing coefficients of 6 km for the Gaussian
kernel, and 1 and 1.5 km for the Cauchy kernel, as well
as weighting eruption volumes, probability plots were
constructed using equation (4) (Figure 7). Probabilities
based on the Gaussian are much more focused around the
volcanoes themselves, whereas probabilities with the
Cauchy norm are much more widely dispersed. A common
factor with both kernel functions is that highest probabili-
Figure 5. One-dimensional plots of the normalized
Gaussian and Cauchy kernel functions centered over an
imaginary volcanic event. The tails of the Cauchy kernel
extend farther than the Gaussian kernel, whereas
the probability of the Gaussian is higher over the center
of the volcanic event for the same smoothing coefficient
(h = 2).
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ties are located in the Sengan region (1–9.8  106/yr)
which has the highest density of volcanic events in the
Tohoku volcanic arc. In order to investigate the effects of
the two volcanic event definitions, two computations
were performed using the Gaussian kernel (h = 6 km):
(1) volcanic events with volume weighted in the definition
(Figure 7a); and (2) volcanic events with no eruption
volume included (Figure 7b). A significant difference is
that low-volume eruptions such as the monogenetic volca-
noes on the back arc region have higher probabilities (1–
4  107/yr, weighted; 1–4  106/yr, unweighted) of
future eruptions, whereas the probabilities around estab-
lished centers such as Iwaki, Towada, Sengan and Chokai
are reduced slightly. It is intuitive that including eruption
volumes in the volcanic event definitions give more realis-
tic plots, because these are the areas of highest magma
production. However, the volcanic event definitions that do
not include eruption volume information may give conser-
vative probability estimates for rare volcanic events near the
edges of the volcanic arc.
4.3. Generating the Likelihood Function L(Qjx, y)
From Geophysical Data
[34] Having generated an a priori PDF based on the initial
assumption that future vent patterns will follow a Gaussian
or Cauchy distribution, the next step is to condition this on
other data that is expected to give some clue about the
distribution of future volcanic events.
[35] This is done by remapping additional data into a
likelihood function according to how such information is
judged by the expert or indicated by experimental result to
relate to the distribution of volcanism (or whatever it is one
is attempting to model). Ideally such relationship should
have some physical, empirical or even a deterministic basis.
The method therefore is not based purely on statistics and
allows plenty scope for input from the expert/experimenter.
[36] With very limited understanding, one might use a
simple linear relationship in the first instance (Figure 8a). In
this case, the additional (e.g., geophysical) data set over the
entire field is normalized to unity and lowest values set to
zero. Regions with the highest geophysical value have the
highest probability of volcano formation; and regions with
the lowest geophysical value have the lowest probability.
For real data the relationship is often nonlinear, and in the
case of P velocity perturbations, inverse (Figure 8b).
[37] In this paper we use both P velocity perturbations
(DV/V) and geothermal gradients (K/km) (Figure 9) (data
from Zhao et al. [2000] and Tanaka et al. [1999], respec-
tively) as both have been measured extensively in Tohoku
and are expected to give indirect clues to the location of
future volcanism. In particular, P velocity perturbations at
40 km depth was chosen because it contains the highest
resolution of all depth levels [Zhao et al., 1992, 2000] and is
a good estimate of the minimum depth of partial melting in
the mantle for most of the volcanoes in Tohoku. However,
as crustal magma chambers for felsic volcanism; namely
Towada are expected to be much shallower than 40 km, P
velocity perturbations at 10 km depth was also included.
Geothermal gradients are used as an additional (optional)
aid since the ultimate heat sources are the magma chambers
themselves and there is no way of differentiating heat from
P wave velocity alone. Since geothermal gradients are
Figure 6. Suitable values of smoothing coefficient h,
which can be estimated by plotting cumulative distances to
nearest neighbor volcanic events and cumulative probability
distribution with differing values of smoothing coefficient.
From these plots it follows that suitable values of smoothing
coefficient in the Tohoku volcanic arc are 2–6 km for the
Gaussian and 1–1.5 km for the Cauchy kernel. The spatial
distribution of volcanic events in the Tohoku volcanic arc
appears remarkably Cauchy (h = 1–1.5 km), whereas
monogenetic fields such as the Yucca Mountain Region
(YMR) [Connor et al., 2000] and the Higashi-Izu Mono-
genetic Volcano Group [Martin et al., 2002; Martin et al.,
2003b] are clearly Gaussian (h = 2 km and h = 5–6 km,
respectively).
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Figure 7. Probabilities of one or more volcanic events occurring in the next 100 ka based on a priori
PDFs (i.e., locations of previous volcanic events only): (a) Gaussian (h = 6 km) with eruption volume
excluded, (b) Gaussian (h = 6 km), (c) Cauchy (h = 1 km), and (d) Cauchy (h = 1.5 km). Red triangles
indicate the volcanic events used in the analysis.
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measured from boreholes 300–1000 m deep, such informa-
tion is indicative of near-surface magma [Tanaka et al.,
1999], rather than magma source regions.
[38] In order to compare the geophysical values (P
velocity perturbations and geothermal gradients) around
volcanic events and geophysical values (10 km2 bins) over
the entire NE of Honshu, cumulative plots were made of
each (Figure 10). For P velocity perturbation at 40 km
depth, more than 70% of all volcanic events (Figure 10a)
exist in regions were DV/V is below 2% and 10% in
regions where DV/V < 4%. For volcanic events younger
than 100 ka (Figure 10b) there is only slight change with
70% of events having formed in regions where DV/V <
2% and 5% in regions where DV/V < 4%. In the case of
geothermal gradient (Figures 10c and 10d), volcanoes tend
to exist in regions of higher geothermal gradient than the
average for the whole of NE Honshu: 80% of all Quaternary
volcanic events (70% of volcanic events since 100 ka) exist
in regions where geothermal gradients are >50 K/km and
40% of all Quaternary volcanic events in regions where
geothermal gradients are >100 K/km.
[39] Any spatial data set may be transformed into a
likelihood function. First, the data are interpolated to
represent a continuous, differentiable surface. In the case
of seismic tomographic data at a given depth (say 40 km),
the inversion of travel times has already resulted in a regular
distribution of estimated slowness. In casting these tomo-
graphic anomalies as a PDF, it is assumed that the slowness
calculated for individual blocks actually varies smoothly
across the region at some scale. Second, the spatial data
must be mapped into a likelihood function. Mapping data
into a likelihood function involves development of a model
of how the data, in this case seismic tomographic anomalies,
relate to the probability of events, in this case volcanism.
Geophysical data is remapped into a likelihood function
here based on the percentage of recent volcanic events that
lie within certain ranges of geophysical value. As an
example, for P velocity perturbations, the recasting is
shown schematically in Figure 8b. An inverse linear rela-
tionship, based on the interpretation that low P velocity
perturbation corresponds to partial melting (and hence
increased probability of volcanism), is modified using the
ratio of volcanic events <100 ka that lie within certain
ranges of P velocity perturbation (e.g., 0.1 say of volcanoes
less than 100 ka lie above regions where DV/V ranges from
6% to 5%). Hence the slope of the recasting function in
Figure 8 depends upon the ratio of volcanic events <100 ka
that exist in such geophysical value ranges. The calculation
is repeated over the entire field using the same 10 km2 grid
spacing as in the a priori PDF calculation in order to create
the two-dimensional likelihood function, L(qjx, y). The
most recent volcanic events were used as a guide in the
recasting as these are expected to have a stronger relation-
ship to the current day snap shot geophysical data than older
volcanic events. However using all Quaternary volcanic
events instead of volcanic events <100 ka in the recasting
did not significantly change the shape of the likelihood
function.
4.4. Probability Results Based on the a Posteriori
PDF P(x, yjQ)
[40] The a posteriori PDF P(x, yjq) is calculated from the
likelihood function L(qjx, y) and the a priori PDF P(x, y)
using equation (1). The integral across the entire field of
both the a priori and the a posteriori PDFs is effectively
unity; however the shape of the distribution is modified by
the likelihood function. Finally, the probability of a new
volcanic event is estimated for each grid point is estimated
using equation (4).
[41] In making probability computations, several options
are now available: volcanic event definitions with or with-
out eruption volume weighting; choice of Gaussian or
Cauchy kernels; and conditioning on geothermal gradients,
P velocity perturbations (10 or 40 km), or a combination of
two or more geophysical parameters. Using equations (1) to
(4) above, two dimensional probability plots are constructed
showing the probability of one or more future volcanic
event(s) forming during the long-term, given that a volcanic
event will occur in the Tohoku volcanic arc during 100 ka.
Probability calculations are first made using single infer-
ences on one set of data and then multiple inferences, where
the previously calculated a posteriori PDF is treated as the
new a priori PDF in equation (1) and the inference repeated
for any number of geophysical data sets.
4.4.1. Single Inferences
[42] Figure 11 shows the results of conditioning Gaussian
and Cauchy kernels on single sets of geophysical data.
Figure 8. Possible ways to recast additional data sets into
a likelihood function: (a) simple linear and (b) nonlinear
inverse (used here for P velocity perturbations). Ideally, the
recasting should have a physical or empirical basis but can
also rely on expert judgment.
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Optimum values smoothing coefficient (h = 1 km for
Cauchy norm, and h = 6 km for Gaussian kernel), estimated
from Figure 6, are kept the same throughout. Cauchy
kernels (Figures 11b–11d) are more affected by geophysical
data than Gaussian kernels (Figure 11a). For both kernels,
probability increases in the Sengan region when P wave
velocities at 40 km depth are included. However, probabil-
ities are found to decrease in the north of NE Honshu
especially around Iwaki and Towada volcanoes. One pos-
sible cause of this is the fact that the spatial resolution of the
tomographic image is not the same everywhere. The reso-
lution and accuracy of the Vp image is a little lower at the
Figure 9. Distribution of geophysical data used as additional information in the Bayesian inference:
P velocity perturbations (DV/V) at (a) 40 km depth and (b) 10 km (note that negative percentages
correspond to P velocities that are lower than surrounding mantle or crust, e.g., 4% means 4% slower)
[Zhao et al., 2000]. (c) Geothermal gradients (K/km) measured from boreholes [Tanaka et al., 1999].
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edge parts of the study area, such as the Iwaki volcano, the
northernmost and southernmost parts of Tohoku, as well as
the coast areas of the Japan Sea and the Pacific Ocean.
Probabilities are not reduced in the northern regions, how-
ever, when shallower (10 km) P velocity perturbations are
included.
4.4.2. Multiple Inferences
[43] A powerful facet of Bayes’ theorem is the ease in
which beliefs can be updated as additional information
becomes available. This was attempted by combining all
geophysical data sets (Figure 12). By increasing the number
of data sets, the probabilities below Towada and in partic-
ularly Iwaki volcanoes increase. Whether or not this
improves on our model is discussed in the following.
5. Discussion
[44] Modern volcanology attempts to improve volcanic
hazard forecasts by combination of physical observations
and models of volcanic processes with robust probabilistic
techniques. Here we have shown that Bayesian inference is
well suited for formally combining observations relevant to
the imaging of the magma source region (e.g., seismic
tomography) with quantitative methods for estimation of
volcano intensity (e.g., the Cauchy kernel function). The
result is a set of probability models for the long-term
forecasting of the eruption of new volcano centers. The
Bayesian method is subjective in the sense that accurately
preparing a PDF of the likelihood function L(qjx, y) depends
ultimately on our ability of resolve the geologic processes
governing magma generation and ascent. Data sets like the
seismic tomographic data used here resolve these processes
imperfectly. Hence our estimate of L(qjx, y) contains epi-
stemic uncertainty. The strength of Bayesian inference,
however, is that our probabilistic forecasts can improve
with improvements in our understanding of the physical
processes governing magmatism. In light of this promise, it
is worthwhile to discuss the uncertainties inherent in our
approach, particularly with regard to the links between
magmatic processes and our abstract model.
5.1. Physical Basis for the a Priori Function
[45] The application of Gaussian and Cauchy kernel
functions to describe volcano distributions has physical
basis. Each kernel function mathematically distributes lx,y
based on the smoothing parameter, h, and related factors
described earlier. Application of these kernel functions
means that the probability that future volcanism decreases
with increasing distance from existing volcano centers.
These functions work well because volcanism clusters in
the Tohuku arc. The recognition of volcano center clustering
[e.g., Tamura et al., 2002], and application of bivariate
Gaussian kernel, or the Cauchy model, implies that some
diffusion process is involved in the distribution of lx,y. One
possible explanation is that magma generation, and subse-
quently volcanism, is less likely far from clusters because
Figure 10. Cumulative plots of geophysical values below volcanic events and over entire NE Honshu
(10 km2 grid spacing): (a and b) 40 km P velocity perturbations and (c and d) geothermal gradients.
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Figure 11. A posteriori probability plots calculated with (a) Gaussian kernel (h = 6 km) conditioned on
DV/V at 40 km depth, (b) Cauchy kernel (h = 1 km) conditioned on DV/V at 40 km depth, (c) Cauchy
kernel (h = 1 km) conditioned on DV/V at 10 km depth, and (d) Cauchy kernel (h = 1 km) conditioned on
geothermal gradient.
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Figure 12
B10208 MARTIN ET AL.: BAYESIAN INFERENCE OF VOLCANISM
17 of 20
B10208
the distribution of clusters reflects areas of mantle upwelling
of heat and/or fluid-enriched plumes. Because heat and/or
volatiles diffuse away from these zones, volcano distribu-
tion at the surface reflects this diffusion process. In this
sense, cluster development simply reflects the same diffu-
sion-advection processes that Fedotov [1981] used to
explain differences between monogenetic and polygenetic
volcanism. Thus, like in other types of probability models
applied in volcanology, our model development has
depended on observations, in this case volcano distribution
at the surface, but ultimately works because the scale of
volcano distribution at the surface reflects the scale of
diffusion-advection processes in the mantle.
5.2. Likelihood Function
[46] There is a limit to what can be inferred solely from
volcano distributions. For example, the distribution of
volcanoes may poorly sample the potential distribution.
Furthermore, we know very little about the spatial and
temporal scales of zones of partial melting in the mantle.
So it behooves us to include additional information that
will improve our confidence in the forecast. Seismic
tomography offers one direct view of the mantle that can
be interpreted in terms of degree of partial melting [e.g.,
Zhao et al., 1992; Zhao, 2001]. Although the exact
relationship between rates of magma generation and
velocity anomalies in the mantle remains unknown, these
data are sufficiently robust to use to constrain the proba-
bility model. As the resolution of seismic tomographic
models improves and we better understand the relationship
between slowness and specific physical properties of the
mantle leading to melt generation, then we can refine the
PDF of L(qjx, y) with increasing confidence.
5.3. Evaluation and Verification
[47] Unfortunately, we are not able to infer directly the
location of future volcanic events that form in the next
100,000 years from now. Indeed if we could there would
be no need to carry out the probabilistic approach. What
we can do instead is to try to forecast the locations of
volcanic events that formed after some time (t) in the past,
using all volcanic events that formed before t [e.g., Condit
and Connor, 1996]. Since we are trying to calculate the
probability of future volcanism in the next 100 ka, we
select 100 ka as t in the verification calculations. The
Tohoku volcanic arc has a large number of dated volcanic
events so it is possible to perform some degree of
verification on the Bayesian models developed here by
using all volcanic events that formed before 100 ka to
predict the location of volcanic events that formed between
100 ka and the present day. Since the ‘‘new’’ volcanic
events are still in the past, it is possible to compare
probability plots with the locations of volcanic events we
are attempting to forecast.
[48] Figure 12 shows probability plots based on one or
more data sets. All volcanic events that formed before
100 ka (white triangles) during the Quaternary were used
to make a forecast for the period from 100,000 years ago to
the present day. All subsequent volcanic events that formed
during the forecast period are shown in red. Probability
estimates are then compared with the locations of volcanoes
that formed during the forecast period. Verification plots for
the Gaussian kernel (Figure 12a) calculated using volume
weighted events are shown. Little change with the proba-
bility distributions occurs with change in event definition.
What is apparent is that by conditioning on P velocity
perturbations at 40 km depth, successful forecasting of
volcanic events seems to deteriorate in the north part of
NE Honshu (e.g., Iwaki formed in a region with a forecasted
probability <109/yr), and also along the back arc side of
NE Honshu. This apparent weakness was slightly improved
on by including all data sets used in the analysis however,
Iwaki and Numazawa still do not occur in regions where
probability estimates were significantly high. Using higher
values of smoothing coefficient for the Gaussian kernel
would alleviate this shortcoming, but at the expense of
overall resolution. Moreover, Gaussian cumulative distribu-
tion functions with higher values of smoothing coefficient
do not fit the cumulative plots of nearest-neighbor volcanic
events in the Tohoku volcanic arc in Figure 6. The verifi-
cation plots of the Gaussian kernel suggest that this choice
of kernel function in the Bayesian analysis is not conser-
vative enough for the Tohoku arc.
[49] Some improvements occur with the use of the
Cauchy kernel (Figures 12b–12d). As the Cauchy kernel
has thicker tails, it is more sensitive to geophysical data
further from the center of existing volcanic events. Al-
though Iwaki volcano is not forecast, Numazawa volcano
occurred in a region where probabilities were higher than
they were with the Gaussian kernel model. When all three
data sets are incorporated (Figure 12d) all subsequent
volcanic events are captured and suggest that this combi-
nation of parameters is probably most conservative for the
Tohoku volcanic arc.
6. Conclusions
[50] Bayes’ theorem was used to incorporate geophysical
information on a regional scale in a long-term volcanic
hazard assessment. Additional geophysical data sets incor-
porated were P velocity perturbations at 10 and 40 km, and
geothermal gradients obtained from boreholes. Probabilities
of one or more volcanic event(s) forming in Tohoku range
from 1010–109/yr between clusters and 2–9  106/yr
within clusters (e.g., Sengan region). Regions are found in
the back arc and east of the volcanic front that consistently
show low probabilities (<1010/yr) for all probability mod-
els introduced here.
Figure 12. Verification probability plots calculated using all volcanic events before 100 ka (white triangles) in order to
predict the subsequent distribution of volcanic events that formed from 100 ka to present (red triangles): (a) Gaussian kernel
(h = 6 km) conditioned on DV/V at 40 km depth, (b) Cauchy kernel (h = 1 km) conditioned on DV/V at 40 km depth, (c)
Cauchy kernel (h = 1 km) conditioned on geothermal gradient and DV/V at 40 km depth, and (d) Cauchy kernel (h = 1 km)
conditioned on geothermal gradient and DV/V at 10 and 40 km depths.
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[51] The distribution of volcanic event distances in
Tohoku is Cauchy despite the fact that this norm is rarely
found in nature. The Gaussian kernel, even used in con-
junction with other geophysical data sets is not conservative
enough for predicting the locations of new distal volcanic
events whereas the Cauchy kernel, combined with all three
geophysical data sets successfully captures all subsequent
volcanic events. Although the Cauchy kernel appears to be
over conservative for regions east of the volcanic front
where probabilities are expected to be negligible, values are
reduced slightly when geophysical data sets used in this
paper are included. It still suggests though that further data
sets are required in the analysis that can better differentiate
between fluids and magma (e.g., VP/VS ratio, magneto-
telluric method). Also with higher-resolution age data and
in particular for local-scale studies, temporal inhomogeneity
(i.e., time clustering) should be considered [e.g., Jaquet et
al., 2000].
[52] Acknowledgments. This research was funded by the Japan
Nuclear Cycle Development Institute to AJM. Diagrams of the probability
plots were made using Generic Mapping Tools (GMT) [Wessel and Smith,
1998].
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